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CHAPTER 1

INTRODUCTION :

1.1 HISTORY

In 1934, Gaugler (1) patenteﬁ a lightweight heat transfer device which was essent1a1iy
the present heat pipe. However, the technology of that period presented no clear need for such
a device and it lay dormant for two decades. The idea was resurrected in connection with the
space program, first as a suggestion by Trefethen (2) in 1962 and then in the form of a patent
application by Wyatt in 1963. It was not until Grover and his co-workers (3) of the Los Alamos
Scientific Laboratory independently invented the concept in 1963 and built prototypes that the
impetus was provided to this technology. Grover also coined the name "heat pipe" and stated,
“With certain 1imitations on the manner of use, a heat pipe may be regarded as a synergistic
engineering structure which is equivalent to a material having a thermal conductivity greatly
exceeding that of any known metal." |

The first heat pipe which Grover built used water as the working fluid and was followed
shortly by a sodium heat pipe which operated at 1100°K. Both the high temperature and
ambient temperature regimes were soon explored by many workeré in the field. It was not until
1966 that the first cryogenic heat pipe was developed by Haskin (4) of the Air Force Flight
Dynamic Laboratory at Wright-Patterson Air Force Base.

The concept of a Variable Conductance or Temperature Controlled Heat Pipe was first
described by Hall of RCA in a patent application dated October 1964. However, although the
effect of a non-condensing gas was shown in Grover's original publication, its significance
for achieving variable conductance was not immediatly recognized. In subsequent years the
theory and technology of gas controlled varfable conductance heat pipes was greatly advanced,
notably by Bienert and Brennan at Dynatherm (5 ) and Marcus at TRW (6 ).

On April 5, 1967, the first "0-g" demonstration of a heat pipe was conducted by a
group of engineers of the Los Alamos Scientific Laboratory. This first successful flight
experiment overcame the initial hesitation that many spacecraft designers had for using this
new technology to solve the ever-present temperature control problems on spacecraft. '
Subsequently, more and more spacecraft have relied on heat pipes either to control the
temperature of individual components or of the entire structure. Past examples of this trend
are the 0AO-C (7) and ATS-6 (8) spacecraft. Current applications include heat pipe
{sothermalizers for the I[.U.E. (9) and gas-controlled heat pipes on the CTS (10).



A number of different types of fixed conductance and variable conductance heat pipes are being
developed or proposed for various shuttle missions including thermal canister (11}, LDEF (12),
and the Atmospheric Cloud Physics Lab (13), to mention a few. The Galileo Mission will use
copper/water heat pipes to cool the radiator fins of the Selenide Isotope Generators (s1G) (14)
which provide power for the Jupiter probe. In short, heat pipes have received broad acceptance
throughout the aerospace industry.

The early development of terrestrial applications of heat pipes progressed at a
E mugh slower pace. In 1968, RCA developed a heat pipe heat sink for transistors used in
afrcraft transmitters. This probably represented the first commercial application of heat
pipes. The early use of heat pipes for electronic cooling was prohibited by cost and the
improvéments were minimal because of the relatively low power densities of many of the
electronic components that were avai1abfe. Since that time, however, the "Energy Crisis®
was experienced and the production of Tow cost "gravity-assist" heat pipes followed. The
most notable single application is the stabilization of the permafrost in the Alyeska
Pipeline (15). Heat pipe heat recovery systems also represent a substantial market which is
continually growing. The demand for alternate energy sources had led to the development of
{nnovative intermediate and high temperature heat pipes fof solar collection (16, 17) and
coal gasification (18). In addition, considerable development has also been conducted to
utilize heat pipes for the deicing of highways (19), bridges (20), and airport runways (21).

In. addition to the advancements realized from the various applications, basic
research and development has aléo continued. Improved geometries have been developed or
proposed for axially grooved heat pipes (22, 23). Graded porosity wicks have also been
fabricated (24). Several priming techniques for arterial wick designs including venting
foils (25), Clausius-Claperon priming (261, and jet-pump assist (27), have evolved. Control
techniques including the blocking orifice diode (28), 1iquid trap diodes and thermal
switches (29), vapor modulated variable conductance (30), and soluble gas absorption
reservoirs (31), have also been developed. Finally, analytical techniques and computer
programs have been developed to predict performance and establish heat pipe designs for
many of the systems noted above.

Regarding the literature, the first Heat Pipe Design Handbock (32) was published

for NASA Manned Spacecraft Center, Houston in August 1972. Since that time, three
International Heat Pipe Conferences have been conducted, two books on heat pipes have been

authored, and numerous papers have been written on the subject.

¥



This Design Manual represents an update of the original Design Handbook. The
principal reference sources that were used are 1isted in Table 1-1. A brief discussion
of heat pipe operation is given in the next sections and then the arrangement of the

Manual is defined.

TABLE 1-1. MAJOR REFERENCES

AUTHOR TILE PUBLICATION DATE REFERENCE NO.
B. D. Marcus Theory and Design of April 1972 6
Variable Conductance .
Heat Pipes 7
W. B. Bienert and Heat Pipe Design Handbook August 1972 32
E. A. Skrabek . '
F. Edelstein and Heat Pipe Manufacturing Study August 1974 33
Haslett ' :
P. D. Dunn and Heat Pipes 1976 ' 34
D. A. Reay
S. W. Chi Heat Pipe Theory and Practice 1976 35

1.2 PRINCIPLES OF OPERATION

The basic heat pipe is a closed container which contains a capillary wick structure
and a smaﬁ1-amount of working f1qid which is saturated at operating conditions. The heat pipe
employs a boiling-condensing cycle and the capillary wick pumps the condensate to the evapor-
ator. This is shown schematically in Fig. 1-1.

The vapor pressure drop between the'evaporator and the condenser is very small; and,
therefore, the boiling-condensing cycle is essentially an isothermal process. Furthermore,
the temperature losses between the heat source and the vapor and between the vapor and the
heat sink can be made small by proper design. Therefore, one feature of the heat pipe is
that it can be designed to transport heat between the heat source and the heat sink with
very small temperature drop. ]

The amount of heat that caﬁ be transported as latent heat of Qaporization is usually
several orders of magnitude larger than can be transported as sensible heat in a conventional
convective system with an equivalent temperature difference. Therefore, a second feature of
the heat pipe is that relatively large amounts of heat can be transported with small light-

weight structures.
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Fig. 1-1. Schematic representation of heat pipe operatidn

The capillary pumping head is derived from a difference in the radii of curvature of
the fluid surfaces in the capillary pores in the evaporator and condenser wick sections. In
arder for the available capillary pumping head to be able to provide adequate circulation of
the working fluid, it must be sufficient to overcome the viscous and dynamic losses of the
system and it must compensate for adverse gravity effects. Capillary pumping heads are

normally small when compared to the pumping heads available in dynamic systems. Therefore,

certain restrictions must be imposed on the application of heat pipes in gravity envéronments.

1.3 TYPES OF HEAT PIPES

Heqt'pipes are classified into two general types--"Fixed Conductance" and "Variable

Conductance.” A fixed conductance heat pipe is a device of very high thermal conductance
with no fixed operating temperature. Its temperature rises or falls according to variations
in the heat source or heat sink.

It was recognized rather early in the history of the heat pipe research (36) that
techniques could be developed which yould provide for control of the effective thermal
conductance of the heat pipe. This was first envisfoned as blocking a portion of the

condenser by a non-condensible gas. More recently several other types of control have been

developed including liquid blockage and 11quid and vapor modulation. Such ‘techniques enable -

the device to be operated at a fixed temperature independent of source and sink conditipns. -

Hi IS B



1.4 HEAT PIPE OPERATING TEMPERATURE RANGES

In this manual, the operating temperature ranges of the heat pipes are referred to as
"cryogenic” (0° to 150°K) (-45° to -189°F), "Tow temperature (150° to 750°K) (-189° to +890°F),
and "“high temperature” (7500 to 3000°K) (8900 to 5432°F). These ranges have been defined
somewhat arbitrarily such that the currently known working fluids are generally of the same
type within each range, and each range is roughly four times as large as the preceding one.
Working fluids are usua11y elemental or simple organic compounds in the cryogenic range,
mainly polar mo]ecu1es or halocarbons in the lTow temperature range, and Tiquid metals in the

" high temperature range.

1.5 ARRANGEMENT OF THE MANUAL

The new manual consists of two volumes as defined by the Table of Contents. Volume 1
contains ten cnapters which are numbered consecutively and progress from analysis througn design
fabrication, test and the application of both fixed conductance and variable conductance
heat pipes. Chapters 6 and 8 on Manufacturing and Testing are major new additions. Each
of the chépters are independent and are arranéed to permit the addition of new material as
it becomes available. '

Volume II contains tabulated property data for most common working fluids and
summarizes the available heat pipe computer codes. It is intended to be used as a separate

reference for working data.
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NOMENCLATURE .
- The following pages contain a listing of the symbols used throughout this Manual.
The units for each quantity are given in both the SI system and the English Engineering Units.

Symbol SI Unit English Units
A Area m2 ftz '
A,Ao Constants for Beattie-

B,Bo Bridgman Equation - -
c Molal Density - kg moles m™3  1b mole ft™3
c, Heat Capacity J kg~ Tk Bty Thm™! £~
0 Diameter m ft (in)
D, Inside Diameter of Tube m ft (in)
D; Qutside Diameter oi;VTube - ';—'m - o ft (-1n)
F Body Force ) N 1bf
F,' Pressure Drop Ratio - --
& Thermal Conductance - WK Btu hr! F°!
G Gibbs Free Energy J kg'1 Bty lbm™!
H Wicking Height Factor m2 ftz
K Permeability m2 ftz,,
L Length m ' ft (in)
. M Molecular Weight kg kmole™! 1bm mole™!
N Number of tz;?doves ‘ - -
Ny Liquid Transport Factor Wm2 W in~2
qQ Axfal Heat Flow Rate | " Bty hr)
QL Heat Transport Factor W m W in
R Principal Radius of Curvature m ‘ ft_(in)
Thermal Impedance o Fu
Re Reynolds Number -~ -~
Ry Gas Constant (R /M) 3 kg kT ft 1bf Tom™' F7!
Ry Universal Gas Constant J kmole k™! Btu mote™! £}
3 Average Land Thickness m in
S ‘ Crimping Factor - -
T Temperature K F
] Velocity ms) ft g7
8
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Symbo1l : SI Unit English Unit

»x J O O a o

v Volume m3 ft3
We Weber Number A - -
a Area Per Unit Length m ft
a,b,c Constants for Beattie-
Bridgman Equation - -
Tortuosity Factor - -
Wire D'iamgter m in
" Acceleration : ms2 £t 572
Heat Transfer Coefficient N em ! Btu ft hr™) F7)
Elevation - m ft
Thermal Conductivity Woem k! Btu ft heTet2 fo
k Spring Constant of Bellows Nm! 1bf £t~
m Mass Flow Rate kg s Tom hr)
p Pressure N me (psia) 1bf in"2
q " Radial Heat Flu /Unit Length Wm2 W in=
r Radius m ft
t Thickness m ft
v, - Molal Specific Volume m? ;901%'1 £t3 mote”!
v Groove Width - m in
X Axial Coordinate m ft
y ] Perpendicular Coordinate m ft
z Characteristic Dimension | )
(in We) 7 m in
a Aspect Ratio - e -
a Fraction of Impinging
Molecules Sticking to
Surface -- --
a Groove Half Angle rad deg
a Ostwald Coefficient : .- -
"B Heat Pipe Orientation with
Respect to Gravity rad deg
Y Ratio of Specific Heats e -
§ Depth of Grooves . m in



Symbol

Symbol

Porosity

Gravity Factor

Liquid Void Fraction in Gas
Absorption Reservoir

Contact Angle
Heat of Vaporization

V}scosity (dynamic)

Mesh Number (of screens)

Kinematic Viscosity

Density

Surface Tension

Angular Velocity

Incremental

Del Operator

10

J kg'1

Nsm
-1

kg m3

N m'1

rad s

I

I Y

English Unit

fr—






Subscripts

2
a
b
c

cond

. en

ey

ex

vap

Activg Section of VCHP
Adiabatic

Bellows

Condenser

Condensation
Evaporator

Envelope

Evaporation

Excess

External

Hydraulic

Inactive Section of VCHP
Internal

Counter Index '
Liquid

Max imum

Minimum

Nucleation Cavity

Sink

Pore

Radial
Reservoir
Source
Storage
Total

Vapor
Vaporization
Wick
Parallel

perpendicular

n



CHAPTER 2

FIXED CONDUCTANCE HEAT PIPE THEORY

The basic heat pipe theory as first presented by Cotter (1) has remained unchanged.
This Chapter presents the theory associated with the hydrodynamic and heat transfer .
characteristics of fixed conductance heat pipes. The hydrodynamics determines the heat
transport 1imits of heat pipes and the heat transfer theory relates to their temperature
control behavior. Basic operating principles are discussed in Section 2.1. The theory that
defines a heat pipe's transport capability within the capillary pumping 1imit {is presented
in Section 2.2 through Z.Q. Other heat transport limitations including sonic, entrainment,
and heat flux limits are discussed in Section 2.7. The heat transfer characteristics of a

heat pipe which is operating within the heat transport limits are given in Section 2.8.

2.1 HEAT PIPE OPERATION

The principle of operation of a heat pipe is best described by using the simple
cylindrical geometry shown in Fig. 2-1. The essential components of a heat pipe are the
sealed container, a wick and a suitable working fluid which is in equifibrium with its own
vapor. When heat is applied along one section of the pipe (evaporator), the local tempera-
ture is raised slightly and part of the working fluid évaporates. Because of the saturatioﬁ
conditiqn this temperature difference results in a difference in vapor pressure which,in
turn, causes vapor to flow from the heated section to a cooler part of the pipe (condenser).
The rate of vaporization is commensurate with heat absorbed in the form of latent heat of
evaporation. The excess vapor condenses at the cooler end and releases its latent heat.
During steady-state operation, conservation of energy requires that the amount of heat v
absorbed is identical to the heat released. Return of the 1iquid condensate occurs through
the wick. The wick provides a f1;w path for the 1iquid and i{s also responsible for the
pumping. During evaporation the 1iquid recedes somewhat into the pores of the wick thus
forming menisci at the liquid-vapor interface which are highly curved. On the other hand,
condensation occurs mainly on the surface of the wick with corresponding flat menisci. A
pressure difference which is related to the radius of curvature exists across any curved
liquid-vapor interface in thermodynamic equilibrium. Since the curvature is different at
the evaporator from that at the condenser, a net pressure difference exists within the
system. This capillary pumping pressure maintains circulation of the fluid against the

1iquid and vapor flow losses and sometimes against adverse body forces.
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Capillary Wick Liquid Flow
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Evaporator Adiabatic Transport Condenser
= x Container

Fig. 2-1. Schematic diagram of the principle of operation of a heat pipe

"“

’Idiiaﬂitibn to an evapbrator and condense}, the heat pipe ffequehtly'a1so has an
"adiabatic” section. It s characterized by zero heat exchange with the environment.

It shbuld also be noted that the heat pipe is not limited to having only one evaporator
and éondenser but may have several heat input and output areas interdispersed along its
Tength.

As generally conceived, heat pipe theory consists of the description of concurrent
hydrodynamic and heat transfer processes. Hydrodynamic theory is used to describe the
circulation process. Its most important function is to establish the maximum circulation
and, therefore, the maximum heat transport capability of the heat pipe. It also defines
and sets bounds upon various factors affecting maximum circulation.

Heat transfer theory deals essentially with the transfer of heat into and out of the
heat pipe. It 1s used primarily to predict overall conductance. Since the heat pipe
utilizes evaporation and condensation, it is subject to limitations, such as boiling,
which do not apply to solid conductors. Heat transfer theory is used to investigate

these limitations and also to provide a model for the overall conductance.
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Fundamentally, the internal heat transport process of a heat pipe is a thermodynamic
cycle subject to the First and Second Laws. A quantity of heat is applied to the
system at a temperature T], and the same quantity of heat is rejected at a lower temperature

T "Work" {s generated internally but it is completely cbnsumed in overcoming the

2
hydrodynamic losses of the system. The energy conversion process occurs in the ﬁhase change
across the curved liquid-vapor 1nté}face, where thermal energy is converted to mechanical
energy with the appearance of a pressure head. The curvature of this interface adjusts
automatically, such that the capillary pumping (the "work" of the system) is just adequate
to meet the flow requirement. As with every thermodynamic cycle a finite temperature
difference must exist between the heat source and heat sink; that is, heat rejection must
occur at a lower temperature than heat addition. In most heat pipes this AT associated with
the circulation of the working fluid is smal compared to other conductive temperature
gradients. Nevertheless, even an ideal heat pipe can never be completely isothermal because
this would violate the Second Law of Thermodynamics. '

Although its performance does have definite 1imits, the heat pipe generally has very
high heat transport capability. The limitations include maximum capillary pumping ability,
choking of the vapor flow when it approaches sonic velocity, entrainment of 1iquid droplets

in the vapor stream, and disruption of the 1iquid flow by the occurrence of boiling in the

wick.

2.2 FUNDAMENTAL CONSIDERATIONS

The 1iquid and the vapor phases of the working fluid are in close contact with each
other along the entire length of the heat pipe. Because of the circulation, the pressures
in the liquid and vapor are not constant, but vary along the length of the pipe. Furthermore,
the pressure difference between the 1iquid and the vapor is also a function of the location.
In order to maintain the pressure balance between 1iquid and vapor, the interface separating
them must be curved. Any curved 1iquid-vapor interface creates a pressure difference which
can be expressed in terms of the surface tension and the principal radii of curvature R] and
Rz of the interface as given in Egs. 2-1 and 2-2 (2). The principal radii of the surface

are shown in Fig. 2-2.

apy (x) = p, (x) - p, (x) (2-1)

1 1
apy (x) = o (Rl ) + % (x)> (2-2)
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Fig. 2-2. Principal radii of curvature of liquid-vapor interface

4(x)

+ rhv
p, (x) + ? (Vp,)
+(Vny)y Y VL
WMMM,W
v—

Fig. 2-3. Model of heat pipe hydrodynamics
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This interfacial pressure difference 4p; mafntains the pressure balance between vapor and
1iquid at any point along the length of the heat pipe. Since the interfacial pressure
difference varies with Tocation, the radii of curvature of the menisci also var} along the
heat pipe. If the interface is concave with respect to the vapor, the pressure in the
1iquid will be lower than the pressure in the vapor.

The function of the wick in a heat pipe is to provide a medium for establishing
curved interfaces between 1iquid and vapor. It must be emphasized that the interfacial
pressure difference Ap1 {s independent of the wick properties and is only determined by
the curvature of the interfacial surface. Wick properties such as pore size and contact
angle oniy determine the upper bound of the interfacial pressure difference. This upper
1imit is frequently referred to as "capillary pressure.”

In addition to pressure differences between 1iquid and vapor, there exist pressure
gradients within both phases of the working fluid. These gradients are the result of
viscous, momentum and body forces. It is convenient to group the gradients according to
their origin; that is, whether they are associated with the flow or due to independent

body forces,

-
. gF -
- The vector Eq. 2-3 applies to both liquid and vapor phases.
‘For a heat pipe with one-dimensional liquid and vapor flow, the gradients are given

in Eqs. 2-4 and 2-5 in terms of their axial and perpendicular components.

« 3P . EP.) ("F) Axial) (2-4)
(v P)!l _a" | <3X Flow + v " ( a | .
(v p)1 = %5- = (%G)l {Perpendicular) (2-5)

The components of the pressure gradients are shown schematically in Fig. 2-3. This figure
also establishes the sign convention adopted throughout this Handbook. The “"x" coordinate
is parallel to the heat pipe axis, and the "y" coordinate is perpendicular to the axis.
The origin of the coordinate system is located at the bottom and at the evaporator end.

A1l vector components, such as pressure gradients, mass flow rates and body forces shall

have a positive sign 1f they are directed in the positive "x" or “y" direction.
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In some cases, a different coordinate system may be more convenient. For example,

in a heat pipe with multiple evaporators and/or condensers, one might arbitrarily choose

one end of the pipe as the origin of the coordinate system. A1l hydrodynamic equations are

actually 1ndependént of the choice of the coordinate system. Care must be exercised,
however, in selecting the proper sign for all vector components if a different system is
selected. '

Obviously the assumption of one-dimensional fluid flow does not hold in the areas
where evaporation and condensation occur, or in two-or-three dimensional heat pipes such
as flat plates, cavities, etc. But for most conventional heat pipes, the one-dimensional
model represents a very close approximation.

The body force term in Eqs. 2-3, 2-4, and 2-5 consists of those mass action forces
which are independent of flow; e.g., gravity, ;cce1eration, and electrostatic effects.
This form of the equation does not include flow dependent body forces such as arise due to
magnetic effects which are generally not applicable to heat pipes.

The pressure gradients give rise to mass transfer along the heat pipe. The two

axial mass-flow rates, hv and ﬁz are related through the Continuity Eq.
m, (x) +m (x) =0 (2-6)

Eq. 2-6 simply states that during steady-state operaﬁion mass accumulation does not occur
and vapor and 1iquid flow rates must be equal in magnitude but opposite in direction.

F%na]Ty, the mass flow rates are related to the local heat exchange through the
Energy equation:

S -taw (27}

Eq. 2-7 is a simplified form of the First Law of Thermodynamics where q (x) is the rate of
heat addition {or removal) per unit length of the heat pipe. It {s defined as positive
in the case of heat addition (evaporator) and negative for heat removal (condenser). In
Eq. 2-7 the effects of conduction in the axial direction are neglected. It is also assumed
that sensible heat transport is negligible. In the following sections the varioﬂs terms

used in describing the performance of heat pipes are examined in more detail.
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2.3 CAPILLARY PRESSURE

The capillary pressure is defined as the maximum interfacial pressure difference

which a given wick/fluid combination can develop, or:
8Pcap ( 8P1)max (2-8)

The capillary pressure is related to the surface tension of the liquid, the contact

angle between liquid and vapor, and the effective pumping radius through (3):

- 2 g cos 6¢
8Pcap * o (2-9)

With few exceptions, the wicks employed in most heat pipes very often do not have a well
defined pore geometry. Therefore, i; is common practice to define an effective pumping
radius which is determined experimentally and which satisfies Eq. 2-9.

For some well defined wick systems analytical expressions for the effective pumping
radius can be found. For a circular pore the meniscus is spherical and the two

principal radii of curvature of the surface are equal. Referring to Fig. 2-4 we have:

- : r
(R)min = (R2)pin = cos 6c (2-10)

According to Eq. 2-2, the maximum interfacial pressure difference which the capillary

forces are capabIe'of handling is:

. . 1 1 . |20 cos &
(8P Ima - e (Rl,min ' Rz,min) o (2-11)

A compariéon of Egs. 2-9 and 2-11, along with thé identity 2-8, yields the results that
for circular pores the effective pumping radius rp is equal to the physical pore radius.
In long, open channels one of the principal radii is infinite. Using Fig. 2-5 the

minimum radii can readily be calculated:

. W2 -
Ry = @5 (Radpip ™ m (2-12)

The maximum interfacial pressure difference becomes:

?

. _ocos (a+8
(8P4 g e (2-13)
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Fig. 2-5.
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6.  Contact Angle

a Half Angle of Groove

W Groove Width

Rz Minimum Radius of Curvature

(Filled Groove)

Effective pumping radif in an open triangular groove
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In the 1imit of grooves with parallel walls (a = 0) Eq: 2-13 reduces to: ]

max W

(ap,) . 290cos & (2-14)

If we compare Eds. 2-14 with 2-9 along with the Identity 2-8, we see that the effective_
pumping radius of a rectangular groove is equal to the groove width while for circular
pores it is equal to half the pore diameter. The reason for this difference is, of
course, the absence of curvature in the direciion of the groove length. Several methods
for determining the effective radius of various wick geometries are discussed in the
Design Section.

A volume of literature exists on the contact angle, and many inconsistencies in
experimental results are reported. However, it has been well established now that much
of the "inconsistent" behavior of the contact angle is due to very low level impurities in
the 11quid or on the surface being wetted. Thus, combinations of scrupulously clean
surfaces and very pure 1iquids will exhibit no difference in advancing and receding
contact angles; and water and other 1iquids with low surface tensions should exhibit a
contact angle of approximately zero (2) on all clean metal surfaces with which they do not
~ react chemically. The fact that much larger contact angles are often observed usually
{ndicates the presence of absorbed {mpurities on the surface, which is generally more
d1ff?cu1t to clean than the working fluid.

The capillary pressure, as defined in this section, refers to the maximum interfacial
pressure difference which a given wick/1iquid combination can sustain; but, as pointed
out earlier, the interfacial pressure varies along the heat pipe. The upper and Tower
Timit of the interfacial pressure difference must be known in order to determine the
maximum heat transport capability. The lower limit corresponds to the maximum value of
the radius of curvature of the meniscus. It can be determined that for wetting 1liquids
the pressure in the liquid cannot exceed that of the vapor. Equal pressures in liquid
and vapor correspond to an infinite radius of curvature which is equivalent to a flat
meniscus. For nonwetting 1iquids the pressure in the liquid always exceeds that of the
vapor.

The point of pressure equality in liquid and vapor rep?esents & well-defined boundary
condition for the integration of the flow equations. Frequently it is located at the

end of the condenser of the heat pipe. In the presence of body forces and with complicated
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heat pipe geometries or distributed heat loads, this will not necessarily be the case
and a careful analysis is required to determine its location. This subject will be

discussed in more detail in conjunction with the integration of the flow equations.

2.4 PRESSURE GRADIENTS IN THE LIQUID

The 1iquid is subjected to a number of different forces, such as the shearing

forces associated with viscous flow, the forces associated with momentum in a dynamic

system, and the body force effects arising from external force fields. The actions of =

these forces upon the liquid result in pressure gradients along the heat pipe as was
{ndicated in Eq. 2-3.

' The ratio of the dynamic-to-viscous flow pressure gradients in a capillary passage
is on the order of magnitude of the Reynold's number determined usfng the average flow
in a pore (4). Since this number will be small with respect to unity for heat pipes,

the inertial (dynamic) forces in the 1iquid will be neglected.

2.4.1 Viscous Pressure Gradients in the Liquid

The pressure gradient resulting from viscous shear forces in an incompressible

1iquid with laminar flow through a porous media fs given directly by Darcy's Law (5):

dp, - m (x)

i e . T (2-15)

dx KAy, Py
For some geometries where the physical dimensions of the pores are known and are well
defined the permeability K may be expressed in terms of a hydraulic diameter Dh and the
porosity of the wick € (6):

€ th

K -T (2-]6)

The hydraulic diameter Dh {s defined as:

4A
Dh = W (2-17)

The above definition represents a good approximation for many geometries. More refined
expressions for permeability are given in Chapter 4.
For cylindrical passages with diameter D, Eq. 2-17 yields for the hydraulic

diameter:

=0 (2-18)
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and Eq. 2-15 reduces to a form of Poiseuille‘s Law:

dpy ] -32 4, m (x) (2-13)
I e Ay Py Dy -

For many wick geometries the hydraulic diameter cannot bé calculated, pa}ticu1ar1y
for those which involve porous materia1s; In these cases it is best to resort to
experimental measures to obtain a value for the permeability.

When the wicking system consists of uncovered channels a; in the case of axially
grooved heat pipes there is a shearing effect on the 1iquid which results from the
counterflow of the vapor. This induced 1iquid loss can be significant particularly at
low vapor pressures or at high axial heat loads (e.g. commercial applications). Hufschmidt,
et.al. (7) determined an empirical éxpression for a rectangular groove whose depth is
greater than the groove width, which accounts for this loss.

9py Lk my (x) (].+¢2 ¥
dx K(x)Ay (x) o, 3

This is basically the Hagon-Poiseuille Eq. modified by the term (%;-w) to account for

) (2-20)

the 1iquid-vapor shear loss, where ¢ is the groove aspect ratio.

6= Groove width at the liquid-vapor interface
- 2 (Groove depth)

For the groove geometry shown in Fig. 2-6

T
(Rv + Rt) 51n W'Rt
R1 - Rv

(2-21)

¢-

The parameter y 1is dependent on whether the vapor flow i§ laminar or turbulent (B8).

For laminar vapor flow (Re, < 2000)

4 (Ry-Ry) Vv Ay (2-22)

For turbulent vapor flow (Re, > 2000)

By0e28 Lo.7s .

Ri-Ry A
RO-2S AL-7S by oy ¥ (2-23)
v

v

v = 0.0328
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Fig. 2-6. Trapezoidal groove geometry

2.5.2' Body Forces in the Liquid
The pressure gradients in the 1iquid resulting from body forces can either augment or

diminish the gradients associated with viscous flow. The body forces result from external

fields which can be applied in any direction with respect to the heat pipe's axis. The

body force can be expressed as:

e

dF - (2-24)
av/* P 9

In a gravity field the heat pipe will experience two components of body force.
The obvious body force component is the axial component which is parallel to the mass flow

along the heat pipe:

(%)" *0, 9 = -'ng,sin 8 . (2-25)
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Depending on whether the condenser (8 > 0) or the evaporator (8 < 0) is elevated, the axfal
body force component of gravity will either augment or impede the 1iquid flow. Wherever
possible in terrestrial applications, the heat pipe or heat pipe system is oriented to

take advantage of.the gravity assist to the 1iquid return. This mode of operation is

often referred to as "refluxing." On the other hand as discussed in Chapter 8, heat pipes
for aerospace applications are generally tested at a slight adverse elevation to demonstrate

performance without any possible gravity assist.

Less frequently considered is the perpendicular body force component:

AR
(W)1 "P9 -8 gcosB (2-26)

Uniike the axial body force component, this componentvw111 always act to the detriment of
heat pipe opqration. It generates a pressure gradient which 1s perpendicular to the liquid
flow (Eq. 2-5). When integrating the flow equations, it is found that this perpendicular
gradient always detracts from the capillary pumping (Section 2.6).

Body forces originate not only from gravity but from any acceleration vector,ii A
typical, and frequently encountered non-gravitational body force is that resulting from
acceleration due to rotation. Its vector is directed in a radial direction from the axis

of rotation and its magnitude is:
9.+ ™ Tw? (2-27)
rot .
where T is the distance between the axis of rotation and the point where the body force

{s encountered.

2.5 PRESSURE GRADIENTS IN THE VAPOR

The pressure gradients in the vapor will also result from a combination of flow
dependent (viscous and dynamic) effects, and flow independent external force fields or
body forces. However, the effécts on heat pipe performance of the varfous preséure
gradients in the vapor phase are not as easfly determined as those of the liquid. Much
of this difficulty is attributable to the higher flow velocitfes in the vapor which make
it more susceptible to the effects of mass addition and removal along the length of the

heat pipe, to the frequently non-negligible dynamic effects, to the existence of turbulent

24



flow, and to the compressibility of the vapor. All of these factors combine to produce a
condition which does not permit simple, all encompassing, analytical expressions for the

vapor pressure losses.

2.5.1 Viscous Pressure Gradients in the Vépor

Under conditions of low axial heat flow and high vapor density, the vapor velocity
will be low and viscous forces will predominate. If laminar, non-compressible flow occurs
the vapor pressure gradient can also be expressed by Darcy's Law:

dp, -u,'m, (x)

a;. - -ﬂ—a—-e—v . (2'28)

v

Since the vapor passages are generally of a relatively simple geometry compared to those
of the Tiquid, the concept of the "hyéraulic diameter” is especially useful. Substituting
the hydraulic diameter for the permeability in Eq. 2-16 the pressure gradient in the vapor

becomes:

" dpy, 32 u, my (x) (
.- 2-29)
dx v Ay Dyy .

By the definition of the porosity e--i.e., the ratio of void volume to total volume, the vapor

space porosity {s unity.

2.5.2 Qﬁnamic Pressyre Gradients in the Vapor

Separation of viscous and dynamic effects in the vapor flow is not really possible.

If the dynamic effects cannot be neglected, Eq. 2-29 should be replaced by Eq. 2-30 (1):
dpy 32 u, ‘;‘v 3 11 2 »
T — |l1*tT7 Re.-gmpRe +.... (2-30)

where the radial Reynolds number, Rer, {s defined by:

1 d'i‘v 2-
Rep * 773 & : (2-31)

v
The expansion in Eg. 2-30 accounts for momentum changes due to evaporation or condensation.
It obviously holds only for small rates of evaporation and condensation, {.e., for Rer << 1,
The momentum effects cause the pressure gradient in the evaporator to be higher than for

viscous shear alone and the pressure gradient in the condenser to be Tower due to decelera-
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tion of the vapor flow. In the absence of mass addition or subtraction, as for example in

the adiapatic section of a heat pipe, Eq. 2-30 reduces to that of purely viscous flow. ‘
For high evaporation and condensation rates the pressure distribution in the vapor

is considerably more complex. Analytical solutions exist only for the limiting case, where

the radial Reynolds number approaches infinity. For this 1imit the pressure gradient is_

given in (9)

dpy Swm dmy,

.. — (2-32)
dx Py A, thv dx

The value for the numerical constant S is 1 for evaporation and 4/1r2 for condensation.

Eq. 2-32 predicts approximately 40% recovery of the dynamic head in the condenser.

2.5.3 Tyrbulent Flow and Compressibility Effects

Little 1s known about the onset of turbulence in vapor flow with high radial Reynolds
numbers. In the adiabatic section, where the radial Reynolds number is zero, fully
developed turbulent flow will occur if the axial Reynolds number exceeds 2000. The axial

Reynolds number is defined in the usual manner as:

Re, = (%v , | | (2-33)

For turbulent flow the viscous pressure gradient is given by the empirical Blasius Law (5)

dp 0.156 y 2 ’
v v 7/4 .
LI Py Dh.v Rey (2-34)

In the transition region, i.e., at an axial Reynolds number of approximately 2000, Blasius'
Equation holds only approximately and gives slightly different numerical values than
the expression for laminar flow.

Compressibility effects can horma11y be ignored if the Mach number of the flow is
less than approximately 0.2. This criterion applies for most heat pipes with the notable
exception of 1iquid metal heat pipes during start-up. If compressibility effects are taken
into account, the pressure recovery for high axial fluxes may be as high as 90% (10) instead
of the 40% predicted by £q. 2-32. Compressibility can certainly not be neglected when the
vapor flow approaches sonic conditions. This has been considered by Levy (11) (12) and is

discussed in Section 2.7.
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2.5.4 Body Forces in the Vapér .

-~

The theory of body forces acting upon the vapor {s identical to that of the 1iquid.
However, because of the large difference in density between 1iquid and vapor (usuallyon

the order of 103) the effect of body forces in the vapor i§ generally negligible.

2.6 CAPILLARY HEAT TRANSPORT LIMIT

2.6.1 General Approach

The rate of circulation of the working fluid i{s determined by a balance of
capillary pumping, body forces, and viscous and dynamic flow losses. During
normal operation the pumping adjusts itself to meet the circulation requirements. But
since capillary pumping is limited to.a maximum capillary pressure (see Section 2.3) a
1imit also exists for the rate of circulation and therefore for the heat transport
capability.

The capillary 1imit 1s the most commonly encountered limit and it relates to the
hydrodynamics previously discussed. When the required interfacial pressure exceeds the
capillary pressure that the wick can sustain, the pumping rate is no longer sufficjent
to supply enough Tiquid to the evaporation sites. Consequently, more liquid is evaporatéd .
tﬁan replenished and local dryout of the wick occurs.

.For high velocity vapor flows, other hydrodynamic limits may restrict the heat
transpofi even before the capillary limit is reached. The sonic limit occurs when
the vapor velocity reaches the sonic point. A further increase in the mass flow is
not possible without raising the saturation vapor pressure and therefore the vapor
temperature. High velocity vapor flow may also interfere with the recirculating
11quid causing liquid droplets to be entrained in the vapor and preventing sufficient

1i{quid from returning to the evaporator (entrainment 1imit). Finally, high Tocal

heat fluxes can Tead to nucleation within the liquid and result in with dryout
(boiling 1imit). Each one of these limitations will be discussed separately in
subsequent sections.

In the preceding sections the pressures and‘forces affecting the circulation of the
warking fluid of a one-dimensional heat pipe have been presented in differential form. No
restriction has been placed on the dist;ibution of heat fluxes into and out of the heat
pipe, its orientation with respect to body forces, and the geometry of the wick. In order

to arrive at the capillary limit, {.e., the maximum heat transport capability of a heat
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pipe, the hydrodynamic equations must be integrated; In the general case, numerical
methods have to be employed and the integration constants must be chosen judiciously,
partfcu1ar1y when body forces and more than one evaporator and condenser are involved.
The following app;oach will always lead to the correct capillary limit and can readily
be reduced to a closed form solution for uniform geometries.

The pressure distribution in 1iquid and vapor is obtained by integrating the axial

pressure gradients.

X

P, (x) = f (v Pv)"dx +p,(0) (2-35)
[«

> 4
x) = dx + 0 ’ ) -
P, (x) _/; (v Py_)"dx pe (0) (2-36)

The integration is extended from one end of the heat pipe (x = 0) to the specific location
X. The two integration constants must be determined before the absolute values of each
pressure can be calculated. The two pressures are related at every point x through the
interface Eq. 2-1.

8Py (x)=py (x)-p (x) . (2-1)

Inserting the values for Py {x) and Pe {x) from Eqs. 2-35 and 2-36 yields:

_—— . - . R

8 py (x) = j; [(v Py (7 p")ll] dx + py (0) - p, (0)  (2-37)

Equation 2-37 gives the reﬁuired interfacial pressure differenéé 4py at any axial location
x to within the additive constant [pv (0) - P, (0)] .

In general, apy will vary aiong the length of the heat pipe and at some point x'
will reach its Towest, or minimum value. It s generally assumed that this minimum
interfacial pressure difference is zero (equal pressure in liquid and vapor, corresponding
to a "flat" meniscus). The integration constant in Eq. 2-37 may then be evaluated as

follows:

8py (x') =0 (2-38)



p, (0) - p, (0) =‘-jo' [(v Py, - (F p,_)"] dx (2-39)

The interfacial pressure difference becomes:

> 4
89, (x) = f [1700, - 7o), ] ox (2-40)
This last equation describes the interfacial pressure difference at any location, x, of
the heat pipe with respect to the reference value at x' which, conveniently, is equal to
zero.

There always exists at least one axial location xf at which the interfacial pressure
difference 4p, (x) reaches a highest, or maximum value. Once this point has been found
{either by numerical or closed form solution) the maximum interfacial pressure difference
can be expressed as:

(8 py)pae = APy (x) '[.‘ [(V Py - (¥ pl)l'] dx  (2-41)

x

In the hydrodynamic 1imit the pumping requirement (4p.) is equal to the maximum

i ‘max )
capillary pressure, Apcap’ which the wick can develop. Prcper circulation of the working
fluid s assured if the pumping requirement {s less than the maximum capillary pressure

difference:
(8 Pydpax < & Peap (2-42)

For a specified wick geomefry and heat flux distribution, the above equation will in

general be an inequality. In the kourse of a numerical analysis it establishes the criterion
for a selected heat pipe and wick geometry to satisfy the heat transport requirement.
Alternately, Eq. 2-42 may be used as an equality to determine the capillary pumping require-
ment. For most wicks, capillary pumping (pore ﬁize) and hydrodynamic¢ pressure gradients

are closely relatéd. The approach is therefore to select a particular wick, compute the
hydrodynamic requirements according to Eq. 2-41 and then compare the resulting (Api)max

with the capillary pumping capability Ap If the inequality is met, the selected

cap’
wick will be adequate for the given heat transport requirement.
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The preceding equations express the capillary pumping requirement in terms of
integrated pressure gradients within 1iquid and vapor. These préssure gradients are
related to the corresponding mass flow ratés and the body forces. The mass flow
rates, in turn, are determined by the heat transport requirement.

For a specified distribution of heat input and output, q (x), the mass flow

rates of vapor and liquid are obtained by integrating Eq. 2-7.

- Lo @)
Integration yields: '
- y o
T . 1 - -
m, (x) f 59 (x) dx + m, (0) (2-43)

]

The above equation gives the mass flow rate of the vapor for every axial location, x,
when the integration is extended from one end of the heat pipe, (x = 0), to the point x.
Conservation of mass requires that the integration constant, ﬁv {0), goes identically to

zero since no vapor enters or leaves the heat pipe. Thus:
@, (0) =0 (2-44)

The mass flow rate of the vapor is thus uniquely determined by the heat exchange with
the environment. Because of the requirement of mass continuity (Eq. 2-6), the mass flow
rate of the liquid is equal in magnitude and opposite in direction to the mass flow rate

of the vapor.

ﬁ'ﬁ (x) B - I'i\v (X) (2‘45)

The net axial heat flow rate, Q, is related to ﬁv and ﬁz through
Q(x)= Am (x)=-2 m (x) (2-46)

The theory as presented so far does not include the effects of perpendicular
components of the body forces. Since the hydrodynamic model is one-dimensional,
perpendicular body forces do not affect the axial pressure gradient. The perpendicular

body forces, however, create a pressure gradient within the 1iquid which {s perpendicular
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to the flow direction. Referring to Eq. 2-26, this pressure gradient is

(%%) *p 9, -5 gcos B (2-26)
1 .

The total pressure difference in the 1iquid across the heat pipe becomes:

&V 3p£
(a p").l. = A T, dy = - 2,90 cos 8 (2-47)

where the integration is extended from the bottom (y = 0) to the top (y = Dw) of the
wick. Equation 2-47 holds for any axial location x. This pressure difference creates
an additional capillary pumping requirement. The wick must be capable of supporting the
interfacial pressure difference between any two locations within the heat pipe (including
those at different vertical positions). The datum point of equal pressure in 1iquid and

vapor will always be Tocated at the Tower 11quid/vapcr interface of the heat pipe

(x=x',y=0+ tw)’ Conservatively, we Tocate it at the bottom of the heat pipe (y = 0).

The point of maximum interfacial pressure difference exists at x = x*, y = Dw. The
~ additional interfacial pressure difference pu due to the perpendicular pressure gradient

is given by:

APy * (Pyltop = (Pplpottom = Pz 9 D,C08 8 (2-48)
The amount of capillary pumping available for axfal flow is therefore reduced and Eq. 2-42

must be modified as follows:

(a pf)max b pc;p -8y (2-49)
, -49

[

Ap -Ozgowcoss

cap

Most aerospace heat pipes are operated very nearly in the horizontal position. In this
case the value of the cosine is close to unity and the additional pumping requirement is

approximately

%4 ~ P gD, (2-50)
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Although this term can be significant when operation at an adverse elevation is required,
in comme~cial applications where a gravity assist is employed this term will generally have

a negligible effect.

2.6.2 Heat Transport Requirement and Heat Transport Capability

Two very useful parameters in heat pipe design are the "Heat Transport Requirement"
(QL)R, and the "Heat Transport Capability" (6L)max. A meaningful definition of these
parameters requires that:

(1) Both liquid and vapor regimes are laminar and momentum effects are

negligible.

(2) A1l geometric properties of the wick and heat pipe and the fluid

properties are constant along its Tength.

(3) At least one of the following conditions are met:
(a) Body forces are absent, and/or
(b) The location of minimum (x') and maximum {x") interfacial

pressure are independent of Q (x).

The Heat Transport Requirement and the Heat Transport Capability shall be defined by
referring to the pressure balance (Eq. 2-42) witﬁin the heat pipe. Using the applicable
expressions (Egs. 2-4, 2-20, 2-25, and 2-29) for the pressure gradients in liquid and
vapor and Eq. 2-41 for the maximum interfacial presshre difference, the pressure balance

(Eq. 2-42) can be written as follows:

& '>J‘" (3w ) __J___)
cap =), p ADZ K(x) A(x) o /,
(1 {::.iw) } Qiﬂ +p!'gs1nﬁ] dx

Using the above assumptions, Eq. 2.51 can then be rearranged to the following simplified

(2-51)

form:

X X
- C d 2-52
Peap 2 cfl de+£' ngsinB?t ( )

X
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where the constant C combines the wick and working fluid properties and is given by:

cal 32p )\ [ __u (1+ Qiq,] (2-53)
A p A Dhz v KA »p . . 3

In both Egs. 2-51 and 2-52, the integration is extended from the point of minimum (x')

to maximum (x") interfacial pressure difference. Further rearrangement of Eq. 2-52 yields:
x'
/X"

The left side of Eq. 2-54 represents the heat transport requirement; {.e., the heat trans-

Py g 51n ]

q (x) dx < —E / dx (2-54)

port that is determined by the axial distribution of heat flow rates. The right side of
Eq. 2-54 describes the capability of the heat pipe to meet these requirements for a

specified orientation.
The Heat Transport Réquirement is defined as the integral on the Teft side of Eq. 2-54:

]

x
(QL)g sf Q (x) dx (2-55)

X"

It is completely described by the distribution of heat flow rates which is a function of
the app1iqation only; it is independent of the heat pipe parameters and its orientation.

If Eq. 2-54 1s examined, it is seen that the right side is independent of the heat
transport requirement. It contains only physical heat pipe properties; 1.e., wick vapor
space and fluid properties and the orientation with respect to gravity. This term sets
the upper 1imit for the Heat Transport Factor. It is therefore convenient to define the
capability of the heat pipe in a fOpn that permits a direct comparison with the require-
ments, namely, the heat pipes Heat Transport Capability is defined as:

xl
. e} si
(@ . = 2P f Bosn? (2-56)
max 4 o [

From the definition of (éL)max’ it is observed that it is necessary to impose the restriction
that either body forces are absent or x' and x" are independent of 6 (x). If at Teast
one of these conditions {s not met, (éL)max will be dependent on the heat transport require-

ment, and Eq. 2-56 will not describe the capability of the heat pipe.
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Using the two definitions, Eqs. 2-55 and 2-56, the pressure balance assumes a

simple form:
(t')L)R < (C'lL)max (2-57)

It must be emphasized again that (QL)R represents the heat transport requirement as
prescribed by the application and (6L)max represents the heat pipe's transport capability
to meet these requirementé. The symbol 6L for both parameters has not been chosen

are given in watt-meter or, more commonly, in watt-

arbitrarily, both (6L)R and (6L)max

inches.
The significance of the Heat Transpor; Requirement and the Heat Transport Capability
can best be realized by examining two special but very important cases.
(1) The first case involves a heat pipe operating in a 0-g environ-
ment. No restrictions shall be placed on the shape of the
heat pipe* or the distribution of evaporators and condensers.
Once this distribution has been specified, the net axial heat flow
rate ﬁ (x) can be obtained from Eqs. 2-43 and 2-46. Beeause of
the assumption of uniform wick properties and the absence of dynamic
effects and body forces, the interfacial pressure difference Api‘(x)
is proportional to 6 (x). Thus the locations x' and x" of the lowest
and highest value of Ap1 are completely determined by the distribution
of 6 (x) and are independent of the heat pipe's geometry. The Heat
Transport Requirement (ﬁL)R is found from Eq. 2-55 and is also specified
by the distribution of heat loads.

The Heat Transport Capability (6L) is given by: -
max

. ’ A ’
(QL)max = __E%é& (2-58)

*As long as the one-dimensional flow model applias.
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(2)

Closed form solutions for (6(.)max which apply to this special case may
be found in Chapter 4. Any distribution of heat input and output . —
which results in a (fJL)R that is less than (f]L)max for a given heat

pipe will be compatible with that heat pipe design.

Ancother special, but frequently encountered case is that of a straight
heat pipe which is operating in a gravity field and in the "heat pipe
mode." The latter shall be defined by the following two conditions:
(a} The anglé between the positive x axis and the horizontal is

less, than zero, 1.e., evaporator above the condenser (8 < 0).
(b} The net axial heat flow rate 6 is positive (or zero) at all

axial locations x.

The above conditions state that the net axial heat flow rate should
everywhere have a component in the direction of gravity. For this
special case it can be shown that the points of maximum and minimum

interfacial pressure are always located at the ends of the heat

pipe, i.e.,
. . h
x" =0, x"' =L (2-59) -~
For this case, the Heat Transport Requirement becomes
L
(QL), = f Q (x) dx (2-60)
o

The Heat Transport Capability Factor (QL)max can be found by carrying
out the integration in Eq. 2-56:

(6L)mx = % (a Peap ¥ P 9L sin 8) : (2-61)
The first term on the right side of Eq. 2-61 represents the Heat
Transport Capability Factor in the absence of gravity. Eq. 2-61 can
therefore be expressed as:

ot (2-62)

(6L)max - (6L)max.0-g * o sin 8
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As expected, operation at an adverse elevation reduces the heat transport
capability in 1-g. Equation 2-62 describes the reduction of the "0-g" Heat

Transbort Capability Factor due to a gravitational hydrostatic head.

2.6.3 (Closed Form Solution

Closed form solutions of the hydrodynamic transport equations may be found for seve;al
heat pipe cases. One of the most useful is for the conventional heat pipe shown in
Fig. 2-7 which has uniform heat addition and removal near the two ends, uniform wick
properties along the length, and is operated in the "heat pipe mode" (B < 0, evaporator
above condenser). Additional requirements necessary to obtain explicit closed form
solutions are laminar flow in the 1iquid and the vapor and negligible momentum pressure
gradients. Although the requirements of laminar flow and the abseﬁce of momentum effects
. appear restrictive, good design practices usually avoid these regimes altogether. Special
modes of operation such as the start-up transients of liquid metal heat pipes are exceptions.
The Heat Transport Capability for this conventional heat pipe is given by Eq. 2-61.
Using the appropriate expressions for the constant C (Eq. 2-53) and for Apcap (Eq. 2-9 in
conjunction with Eq. 2-49), (QL)max becomes:

2K 5!7(1 +n) cos ac Fz

(QL)max * rp N£

(2-63)

The following abbreviations have been used in Eq. 2-63
(1)  The parameter n is defined as the ratio of the sum of all pressure ‘454””'——

differences resulting from body forces to the available capillary

pressure, 1.e.,

| D cos L §1n'
ne | P ° (2-64)
2R cos 8 2 Hycos 8

where Hy is the Wicking Height Factor, and is a property of the

working fluid only:

H, = g (2-65)
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Total Heat Qutput

t
Total Heat Inpu

9 Leletlyti,

Uniform Heat Flux at
Evaporator and Condenser

Fig. 2-7. Conventional heat pipe with uniform heat loads

(2) The parameter F, represents the ratio of the viscous pressure drop

in the liquid to the sum of all the pressure drops in the 1iquid and

vapor.
) s,
Fow (2-66)
L Ap +hp, *ap, :
F = ! (2-67)
L 23_ \)v 32 K Aw
1+ ¥+ =
3 v, D h,v K;
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As mentioned previously,fqs. 2-63 and 2-67 assume uniform wick
properties. In the case of the axially grooved geometry the effect
of meniscus recession can have a significant impact on the magnitude
of the permeability K and the wick area Aw' However, as shown in
Ref. 8 a closed form approximation of these parameters can be
obtained. Hence the values of K, Aw’ ¢ and ¥ in Egs. 2-63 and 2-67
can be taken as average values. Specific relations which define the

value for a given groove geometry are presented in Chapter 4.

(3)‘ The Liquid Transport Factor Ny is a property of the working fluid

and is defined as: .

M= \'\%:-> ' (2-68)

Equation 2-63 defines the maximum heat transport capability of a conventional heat pipe
provided that capillary pumping is the limiting factor. Since in most applications the
capillary 1imit is the controlling one, Eq. 2-63 is one of the host useful expressions for
the design of heat pipes.

In order to obtain an expression for the maximum amount of heat which the pipe can

transport, the Heat Transport Requirement is equated with the Heat Transport Capability

Factor:
o Q dx = (QL')max (2-69)

Referring to Fig. 2-7, the axial heat flow rate 6 (x) can be expressed in terms of the

total heat input ét for each of the following regions:

Evaporator 0<x< Le Q(x) = Q. x/Ly
Transport Section Le<x<ly+l, Q (x) = 6t (2-70)
Condenser L-L <x<lL Q (x) = Qt{L - YL

If the integration in Eq. 2-69 is carried out, an explicit expression {s obtained for the

total heat transport or heat flow rate 6t:

() = O (% L+l *+ Lc) (2-71)
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It 1s often convenient to define an "effective length" of the heat pipe as follows:

1 1 :
Lerr ™ ZLle + La + 3L (2-72)

Eq. 2-69 then becomes:
Q lerr * (0 ) pax (2-73)

Using Egs. 2-63 and 2-73, the following expressions for the maximum heat flow rate 6t

{s obtained:
6 -27KAW (»1+n) cosech
t rp Leff

N, - (2-74)

It is important to note that the definition for the effective heat pipe length (Eq. 2-72)
applies only for the special case of uniform heat input and heat output at two separate
locations. For non-uniform heat distributions the integral of (é dx) in Eq. 2-69 must be
solved in order to obtain an applicable effective length to be used in Egqs. 2-73 and 2-74,

. Since in the 1imit the maximum transport capability must equa{ the maximum transport
requirement, Eq. 2-74 states that a given heat pipe geometry will satisfy any combination
of total heat load 6t and effective length Less which results {n the same product (i.e.

(QL)g)-

2.7 OTHER HEAT TRANSPORT LIMITATIONS
In addition to the capillary pumping Timit discussed above, the c{rculation of the

working fluid is restricted by several other limitations.

2.7.1 Sonic Limit

The evaporator section of a heat pipe represents a constant area vapor flow duct
with mass addition through the evaporation process. The vapor velocity increases steadily
along the length of the evaporator section due to the progressively increasing mass flow
and reaches a maximum at thé evaporator exit. It gﬁn be sﬁown (12) that the Timitations
of such a flow regime are comparable to that of a converging nozzle with constant mass
flow. The evaporator exit corresponds to the throat of the nozzle. The maximum vapor
velocity which can exist at the evaporator exit corresponds to Mach 1., This choked flow

condition {s a fundamental limit on the axial vapor flow in a heat pipe. This limit does
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not exclude the possibility of supersonic flow in other sections of the heat pipe. In
fact, Kemme (4) (13) has reported supersonic flow conditions in the condenser section
of liquid metal hegt pipes.

The axial heat flux for the sonic 1imit is obtained by calculating the mass flow

rate at Mach 1:

= oyavs (2-75)
v
where the sonic velocity Vs is given by the familiar equation:

YR T
(*)

vs = —M-— (2‘75 )

At the gonic limit, therefore, the mass flow rate per unit area and the corresponding
axial heét flux depend only on the properties of the working fluid and in turn the
operating temperature. The 1imiting axial heat flux has, therefore, been included as a
derived fluid property in Volume II.

The axial heat flux at sonic conditions must be evaluated using the local temperature
at a choking point. This temperature is considerably lower than the stagnation temperature
which is measured at the entrance of the evaporator. Stagnation and local static tempera-

ture at Mach 1 are related through the expression:

y-1
Tstagn = T (1 +——2—-) (2-77)

For 1iquid metals with a ratio of specific heats of 5/3 the static temperature is only

75% of the stagnation temperature at M = 1. Levy (12) presents an equation which gives the
Timiting axial heat flux at sonic conditions in terms of the stagnation temperature

(the temperature at the beginning of the evaporator) which is often more convenient to

use:

%.,' AV (2-78)
QZ (v +1)

In Eq. 2-78, the fluid properties, e.g., oy A and Vs (Eq. 2-76), are evaluated at the

stagnation temperature.
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When the sonic limit is exceeded, it does not represent a failure as catastrophi¢ as
exceeding the capillary limit. When the sonic 1imit is reached, further increase in the - TN
mass flow rate and therefore the heat transfer rate can be realized only by increasing the |
stagnation pressure upstream of the choking point. To some extent this will occur
automatically since the evaporation temperature will rise (and with it the saturation
temperature and therefore the stagnation pressurs) as soon as the total heat input and
total heat output begin to diverge. Operation at or near the sonic 1imit results in large

axial temperature differences along the heat pipe.

2.7.2 Enfrainment Limit

Like the sonic 1imit the entrainment limit 1s also a character{stic of high axial
vapor velocities. Since liquid and vapor are in direct contact along the heat pipe,
separated only by the meniscus at the wick, a mutual shear force exists between them. At
low relative velocities, this shear force will only add to the viscous drag in both phases.
Because the vapor velocity is usually much higher than that of the liquid, the effects will
be most noticeable i